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the mRNA expression for 35 of 47 genes linked to energy produc-
tion and redox regulation, 11 of 16 energy metabolism-related
genes, and five of six cholesterol metabolism-related genes was
significantly suppressed at one or more time points, However,
there was no significant difference in the hepatic mRNA expression
levels of clock genes between the mice fed the atherogenic diet and
control mice at any time point (Supplemental Table 2). This finding
was verified by real-time quantitative PCR (Fig. 1).

In control mice, the DNA chip analyses detected rhythmic
mRNA expression in 31 genes, in addition to the clock genes
(Fig. 2, Supplemental Fig. 4 and Supplemental Table 1). As reported
previously [16], daily expression profiles of Cyp7al gene were
opposite in phase between the groups (Fig. 2D). Additionally, the
atherogenic diet dampened the mRNA expression rhythms in two
of two genes related to ROS defense and seven of eight genes in-
volved in protein degradation (Fig. 2E, Supplemental Fig. 4A and
Supplemental Table 1). However, transcript levels of most of the
genes related to energy production, redox regulation, MAPK cas-
cade, nuclear receptors, and energy and cholesterol metabolism,
as well as the clock genes, showed significant 24-h rhythmicity
in mice fed the atherogenic diet and in control mice (Fig. 2A-D,
Supplemental Fig. 4B and Supplemental Table 1). These results
suggest that the circadian clock function is maintained in the livers
of mice with NASH, probably due to compensating alterations in
the expression of various genes, including ROS defense- and pro-
tein degradation-associated genes.

Discussion

Accumulating evidence shows that the circadian clock regulates
many physiological functions, such as carbohydrate and lipid
metabolism [4], mitochondrial energy production, redox regula-
tion, ROS defense [30,31], and MAPK activity [32]. Thus, it is not
surprising that dysfunction in the circadian clock can cause various
disorders, including metabolic syndrome [5] and malignancies
[33]. However, whether these pathological conditions per se cause
impairment of clock function remains to be clarified. In particular,
our previous finding [16] that simple fatty liver induced by high-fat
feeding had little effect on the hepatic circadian clock in mice dif-
fers considerably from the results of Kohsaka et al. [13]. To address
this issue, we developed a severe NASH model, with oxidative
stress and drastic metabolic changes, and investigated the expres-
sion rhythms of the clock genes and metabolism- and inflamma-
tion-associated genes in the liver of this animal model.
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Fig. 1. Daily mRNA expression profiles of clock genes in the livers of mice fed a
regular (black circles) or an atherogenic (white circles) diet. Transcript levels of the
clock genes were determined by real-time quantitative PCR. Data are means + SEM
of four mice at each time point and are expressed as relative values to the lowest
values in control mice for each gene,

As expected, the atherogenic diet altered the mRNA expres-
sion of various genes related to energy production, redox regu-
lation, the MAPK cascade, and carbohydrate and lipid
metabolism. Additionally, these effects on mRNA expression
exhibited daily variation; they became marked during the
dark/active phase. Because the light condition and daily feeding
profile did not differ between mice fed the atherogenic diet and
control mice, the daily variation in the intake of the atherogenic
diet components may have caused the difference between
mRNA expression profiles in the dark and light phases. How-
ever, the intracellular clock remained intact under these drasti-
cally altered conditions. These results suggest that the circadian
clock is protected against, or not susceptible to, alterations in
the intracellular environment, including redox state and
metabolism,

Light and dietary intake strongly entrain the master and hepatic
clocks, respectively [2,31]. The master clock in the SCN may syn-
chronize the peripheral oscillators, at least partly via the auto-
nomic nervous system [2]. In this study, the mice with NASH
were maintained on a well-regulated 12-h light/12-h dark cycle.
Additionally, their daily feeding rhythm did not differ from that
of control mice (data not shown). Under this condition, the hepatic
clock ticked normally. Kohsaka et al. [13] reported that a high-fat
diet lengthened the period of locomotor activity rhythm under
constant darkness in mice, but the effect was not detected under
a 12-h light/12-h dark cycle. Moreover, night-time restricted feed-
ing can normalize the impaired circadian clock in the livers of db/
db mice [34]. These results suggest that the signals induced by
light and feeding can entrain the hepatic circadian clock, even in
the face of the alterations of metabolism and redox state. The influ-
ence of a high-fat diet on the hepatic clock may have been ob-
served by Kohsaka et al. [13], but not us [16], due to differences
in daily feeding rhythm, which was dampened in their study but
not in ours.

Consistent with the intact intracellular clock, the daily expres-
sion rhythms of most circadianly expressed genes examined were
preserved in the livers of mice with NASH. However, the 24-h
expression rhythms of some genes were blunted or changed by
the atherogenic diet. It is interesting that the expression rhythms
of genes involved in protein degradation were markedly changed
in the mice with NASH. The clock proteins, as well as the other
short-lived proteins, are degraded by the ubiquitin-proteasome
system [2]. Degradation rates of the clock proteins are controlled
by their phosphorylation [2] and binding to an F-box protein
[35]. These post-translational regulation mechanisms may account
for the fact that Cry2 protein accumulates with a markedly higher
circadian amplitude than Cry2 mRNA [36]. Further studies are
needed to determine whether the degradation rates of clock pro-
teins are altered to compensate for the effects of the atherogenic
diet.

In conclusion, the atherogenic diet caused NASH and alterations
in the intracellular environment, affecting energy metabolism, pro-
tein degradation, and redox state. However, these conditions did
not impair the circadian clock or the expression rhythms of most
of the genes examined in the liver. These findings provide evidence
that the circadian clock is protected against alterations in the intra-
cellular environment, including metabolism and redox state, The
impairment of biological clock appears to be important as a cause
of metabolic disease.
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Fig. 2. Daily mRNA expression profiles of the circadianly expressed genes related to the MAPK cascade (A), nuclear receptors (B), energy metabolism (C), cholesterol
metabolism (D), and protein degradation (E) in the livers of mice fed a regular (black circles) or an atherogenic (white circles) diet. Transcript levels of the clock genes were
determined by the custom-made, high-precision DNA chip. Data are means + SEM of four mice at each time point and are expressed as relative values to the lowest value in

control mice for each gene. 'P<0.05, "P <0.01, vs. control mice.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2009.01.150.
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transcatheter arterial embolization with dendritic
cell infusion for hepatocellular carcinoma

Eishiro Mizukoshi®, Yasunari Nakamoto®, Kuniaki Arai®, Tatsuya Yamashita®, Naofumi Mukaida?, Kouji Matsushima®,
Osamu Matsui® and Shuichi Kaneko'

* Department of Disease Control and Homeostasis, Graduate School of Medicine, Kanazawa University, Kanazawa, Japan
*Division of Molecular Bioregulation, Cancer Research institute, Kanazawa University, Kanazawa, Japan

*Department of Molecular Preventive Medicine, Graduate School of Medlicine, Tokyo University, Tokyo, Japan

“ Department of Radiology, Graduate School of Medicine, Kanazawa University, Kanazawa, Japan

Transcatheter arterial embolization (TAE) destroys a tumor by the induction of necrosis and/or apoptosis and causes
inflammation with cytokine production, which may favor immune activation and presentation of tumor-specific antigens. In the
current study, we attempted to identify the effect of TAE on tumor-specific T-cell responses and the additional effect of
dendritic cell (DC) infusion performed during TAE. The prevalence of tumor antigen-specific T cells was determined by
interferon-y enzyme-linked immunospot analysis using alpha-fetoprotein (AFP) and tumor antigen-derived peptides in 20 and
13 patients with hepatocellular carcinoma (HCC) who received TAE and TAE with DC infusion, respectively. The increased
frequency of AFP-specific T cells was observed in 6 of 20 patients after TAE, It was observed more frequently in patients with
DC infusion than in those with TAE alone. However, tumor recurrence was not completely prevented in patients albeit
displayed enhanced immune responses. The evidence that the enhanced immune responses were transient and attenuated
within 3 months was provided in time-course analysis. In conclusion, TAE with DC infusion enhances the tumor-specific
immune responses more effectively than TAE alone. Although the effect is not sufficient to prevent HCC recurrence, these

results may contribute to the development of novel immunotherapeutic approach for HCC.

Hepatocellular carcinoma (HCC) is one of the most common
malignancies and has gained major clinical interest because
of its increasing incidence. Although current advances in
therapeutic modalities have improved the prognosis of
patients with HCC, the survival rate is still unsatisfactory.'™
One of the reasons for the poor prognosis is the high rate of
recurrence after treatment.’ Therefore, the development of
new antitumor therapies to protect against recurrence is im-
portant to improve the prognosis for HCC.

To protect against recurrence, tumor antigen-specific
immunotherapy is an attractive strategy. Several recent stud-
ies of cancer treatment causing tumor necrosis or apoptosis
have shown that they induce the activation of tumor-specific
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immune responses.” ' The mechanism to activate host

immune responses against tumors is still unknown; however,
several studies in vitro or in vivo suggest that cytokine pro-
duction, attracting leukocyte infiltration, increase of tumor
antigen uptake by macrophages or dendritic cells (DCs) and
release of heat shock protein caused by inflammation at the
tumor site are associated with the phenomenon.''™*”
Transcatheter arterial embolization (TAE) has been used
extensively in the Western world and Asia to treat unresect-
able HCCs,'"*° Although several previous randomized con-
trolled trials have failed to show a survival benefit in patients
treated with TAE compared to untreated patients,”"?* recent
studies demonstrated a survival benefit for TAE versus con-
servative treatment in carefully selected patients.”™*
Histological assessment of resected HCC after TAE shows
that the treatment induces necrotic and apoptotic changes in
the tumor.?®” Moreover, it is reported that the serum levels
of macrophage-colony stimulating factor and the lipopolysac-
charide-stimulated production of interleukin-1 beta, IL-6 and
tumor necrosis factor-alpha in peripheral whole blood were
increased after TAE*™* Taken together with the previously
described knowledge of immune responses after treatment to
induce tumor necrosis or apoptosis, these observations sup-
port the hypothesis that the induction of apoptotic or ne-
crotic cell death and inflammatory cytokines by TAE favors
immune activation and induction of tumor-specific T-cell
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responses. In a previous study, we also made a preliminary
report that immune responses specific for tumor antigens
were enhanced after HCC treatments.”'’ In addition, we
have recently developed a new immunotherapeutic approach
for HCC using DC infusion performed during TAE, showing
the potential to enhance tumor-specific immune responses.”

In the current study, we first attempted to identify the
effect of TAE for tumor-specific T-cell responses in patients
with HCC. Next, we examined the additional effects of DC
infusion to the tumor site after TAE. Finally, we analyzed the
relationship between clinical characteristics of patients and
T-cell responses after TAE and evaluated whether the activa-
tion of tumor-specific T-cell responses can prevent HCC
recurrence.

Material and Methods

Patient population

The study examined 33 patients with HCC, consisting of 25
men and 8 women ranging from 48 to 83 years old with a
mean age of 66 * 9 years. Twenty patients were treated by
TAE. Thirteen patients were treated by TAE with DC infu-
sion as a part of clinical study, which was approved by ethi-
cal committee of Kanazawa University Graduate School of
Medical Science and registered in September 2003. The
patients who received TAE with DC infusion were selected
according to the criteria we previously reported.” All subjects
were negative for Abs to human immunodeficiency virus
(HIV) and gave written informed consent to participate in
this study in accordance with the Helsinki declaration.

Treatment of hepatocellular carcinoma
HCCs were detected by imaging modalities such as dynamic
CT scan, MR imaging and abdominal arteriography. The di-
agnosis of HCC was histologically confirmed by taking US-
guided needle biopsy specimens, surgical resection or autopsy
in 18 cases. For the remaining 15 patients, the diagnosis was
based on typical hypervascular tumor staining on angiogra-
phy in addition to typical findings, which showed hyperatte-
nuated areas in the early phase and hypoattenuation in the
late phase on dynamic CT.>® The tumor size was categorized
as “small” (<2 cm) or “large” (>2 cm), and tumor multiplic-
ity was categorized as “multiple” (>2 nodules) or “solitary”
(single nodule). The TNM stage was classified according to
the Union Internationale Contre Le Cancer (UICC) classifica-
tion system (6th version).™

Twenty patients were treated by TAE as previously
described.'® In brief, after evaluation of the feeding arteries
and surrounding vascular anatomy, a microcatheter (Micro-
ferret, Cook, Bloomington, IN) was inserted into the segmen-
tal or subsegmental artery with a coaxial method using a
0.016-inch guidewire (Radifocus GT wire, Terumo, Tokyo,
Japan). A mixture of the anticancer drug and iodized oil was
administered, and the feeding artery was embolized with gel-
atin sponge particles (Gelfoam; Pharmacia Upjohn, Kalaman-

Enhancement of T-cell responses by TAE with DC

zoo, MI). The mixture of anticancer drug and iodized oil
contained 10-30 mg of Epirubicin (Farmorubicin; Kyowa
Halko Kogyo, Tokyo, Japan), 1-3 ml of iodized oil (Lipiodol
Ultra Fluide) and 0.5-1.0 ml of iohexol (Omnipaque 300).

Preparation and injection of autologous DCs

DCs were generated as previously described” In 6 patients,
DCs were pulsed with 0.1 KE/ml OK-432 (Chugai Pharma-
ceutical, Tokyo, Japan), which is a biological response modi-
fier derived from the weakly virulent Su strain of Streptococ-
cus pyogenes,”™ for 3 days before injection. The cells were
harvested for injection; 5 x 10° cells were reconstituted in 5-
ml normal saline containing 1% autologous plasma, mixed
with gelatin sponge particles and infused through an arterial
catheter following iodized oil injection during TAE.

After TAE or TAE with DC infusion, 26 patients received
percutaneous tumor ablation by ethanol injection (PEIT),
microwave coagulation (MCT) or radiofrequency (RF).
Twenty-one patients were diagnosed with complete necrosis
of the tumor lesion using dynamic CT after the completion
of treatment. Follow-ups were conducted at outpatient clinics
using blood tests and dynamic CT every 3 months for 1 year.

Laboratory and virologic testing

Blood samples were tested for HBsAg and HCVAb by com-
mercial immunoassays (Fuji Rebio, Tokyo, Japan). HLA-
based typing of PBMC from patients was performed using
complement-dependent microcytotoxicity with HLA typing
trays purchased from One Lambda. The serum alpha-fetopro-
tein (AFP) level was measured by enzyme immunoassay
(AXSYM AFP, Abbott Japan, Tokyo, Japan), and the patho-
logical grading of tumor cell differentiation was assessed
according to the general rules for the clinical and pathologic
study of primary liver cancer.™ The severity of liver discase
(stage of fibrosis) was evaluated according to the criteria of
Desmet et al.*®

Interferon-y enzyme-linked immunospot assay

The prevalence of tumor antigen-specific T cells was deter-
mined by interferon (IFN)-y enzyme-linked immunospot
(ELISPOT) analysis (Mabtech, Nacka, Sweden) as previously
described.'™"  HLA-A24-restricted AFP-derived peptides
(10 pg/ml), which were AFPs;s5; (EYSRRHPQL), AFPy;
(KYIQESQAL) and AFP,a (AYTKKAPQL),'® and 20 pg/ml
AFP derived from human placenta (Morinaga Institute of Bi-
ological Science, Yokohama, Japan, purity >98%) were added
directly to the wells. These 3 AFP-derived peptides could
induce CTLs showing cytotoxicity against hepatoma cells and
were frequently recognized by PBMCs of patients with HCC
as we previously reported,’ and therefore, we selected them
as an immunogenic peptide. The HLA-A24-restricted AFP
and CMV-derived peptides were used only for HLA-A24 or
A23 positive patients. Other tumor antigen-derived peptides con-
sisted of MRP355, (LYAWEPSFL), MRP3,, (AYVPQQAWI),
MRP3;.; (VYSDADIFL), hTERT s, (AYQVCGPPL), hTERT:,,

Int. J. Cancer: 000, 000-000 (2010) ©® 2009 UICC

- 277 -



Mizukoshi et al.

(VYAETKHFL) and hTERT; (VYGFVRACL), which we pre-
viously reported that they were useful for analyzing host
immune responses to HCC.*"!

PBMCs were added to the wells at 3 x 107 cells/well. In
the assay using PBMC depleted CD4" or CD8" cells, the
number of cells was adjusted to 3 x 10° cells/well after the
depletion. Depletion of CD4" or CD8" cells was performed
by MACS separation system using CD4 or CD8 MicroBeads
(Miltenyi Biotec, Auburn, CA) in accordance with the manu-
facturer’s instructions. After the depletion, 1 x 10° cells were
stained with CD4 and CD8 antibodies (Becton Dickinson,
Tokyo, Japan) and analyzed by FACSCalibur (Becton Dickin-
son, Tokyo, Japan) to confirm the ratio of CD4" and CcD8"
cells. Data analysis was undertaken with CELLQuest'™ soft-
ware (Becton Dickinson, San Jose, CA).

Plates were analyzed with a KS ELISpot Reader (Zeiss,
Tokyo, Japan). The number of specific spots was determined
by subtracting the number of spots in the absence of antigen.
Responses were considered positive if more than 10 specific
spots were detected and if the number of spots in the pres-
ence of antigen was at least 2-fold greater than the number
of spots in the absence of antigen. Negative controls con-
sisted of incubation of PBMCs with a peptide representing
an HLA-A24-restricted epitope derived from HIV envelope
protein (HIVenvsy,) and were always <5 spots per 3 X 10°
cells.*? The positive controls consisted of 10 ng/ml phorbol
12-myristate 13-acetate (PMA, Sigma) or a CMV pp65-
derived peptide (CMVpp653,5)."* All peptides used in this
study were synthesized at Sumitomo Pharmaceuticals (Osaka,
Japan). ELISPOT analysis was performed before and 2-4
weeks after TAE. lu paiients receiving additional treatment
for complete ablation of tumor, analysis was performed just
before the additional treatment. An increase of antigen-spe-
cific T cells was defined as significant when T-cell responses
changed to positive or if the number of spots detected after
TAE was at least 2-fold greater than the number of spots
detected before treatment.

Statistical analysis

Unpaired Student’s i-test was used to analyze the effect of
variables on immune responses in patients with HCC.
Fisher’s exact test (2-sided p-value) was used to analyze the
frequency of positive immune responses in patients between
with TAE and TAE with DC infusion.

Results

T-cell responses to AFP in the patients who received TAE
The frequency of AFP-specific T cells before and after TAE
was tested ex vivo in an IFN-y ELISPOT assay. The serum
AFP level and number of peripheral lymphocytes and anti-
gen-specific T cells are shown in Table 1. Before treatment, 2
patients showed a specific T-cell response to AFP-derived
peptides and 3 patients to protein in 20 patients {Patients 1-
20). After treatment, a T-cell response to AFP-derived pep-

int. ). Cancer: 000, 000-000 (2010) © 2009 UICC

tides and protein was detected in 4 and 3 patients,
respectively.

When an increase of antigen-specific T cells was defined
as significant if T-cell responses changed to positive or the
number of spots detected after TAE was at least 2-fold
greater than the number of spots detected before treatment, 6
of 20 (30%) patients (Patients 4, 6, 7, 11, 18 and 20) showed
a significant increasing of AFP-specific T-cell frequency after
treatment, It was observed even in the patient (Patients 6, 7
and 18) who had no T cells specific to corresponding AFP-
derived peptides before treatment. When a decrease of anti-
gen-specific T cells was defined as significant if T-cell
responses changed from positive to negative or the number
of spots detected after TAE was less than half of the number
of spots detected before treatment, 4 of 20 (20%) patients
(Patients 5, 14, 15 and 16) showed a significant decreasing of
AFP-specific T-cell frequency after treatment.

AFP-specific IFN-y-producing T cells were also analyzed
by ELISPOT assay using PBMC depleted CD4" or CD8"
cells to determine what kind of T cells is responsive to whole
AFP. Depletion of CD4™ or CD8" cells was performed by
MACS separation system, and the results were confirmed by
flow cytometric analysis (Fig. 1a). After depletion of CD4"
or CD8" cells, the ratio of each cell population was decreased
to less than 0.1% of PBMCs. The IFN-y ELISPOT assay
showed that IFN-y-producing T cells against AFP consisted
of both CD8" and CD4" cells (Fig. 1b).

To confirm the effect of TAE for host immune responses
to HCC, we also examined the frequency of tumor antigen-
specific T cells in 4 patients (Patients 5, 8, 10 and 14) using
MRP3- or hTERT-derived peptides that we previously identi-
fied as useful for analyzing host immune responses to
HCC. ™" A significant increasing of MRP3- or hTERT-spe-
cific T-cell frequency was observed in all patients after TAE
(Table 2).

T-cell responses to AFP in the patients who received TAE
with DC infusion

In 13 patients receiving TAE with DC infusion (Patients 21-
33), 2 patients showed a specific T-cell response with AFP-
derived peptides and 2 patients with protein before treatment
(Table 3). After treatment, 8 patients showed a specific T-cell
response to AFP-derived peptides and 3 patients to protein,

Next, we compared TAE with DC infusion with TAE
alone regarding the effect to AFP-specific immune response.
Table 4 shows the clinical features of patients with HCC who
received TAE and TAE with DC infusion and they were not
statistically different except liver function.

The frequency of patients who showed both positive and
increasing T-cell response with AFP-derived peptides or pro-
tein after treatment was significantly higher in patients
receiving TAE with DC infusion than in those receiving TAE
alone (p = 0.04) (Fig. 2a). On the other hand, the frequency
of patients who showed both positive and increasing T-cell
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Figure 1. IFN-y production of CD4- or CD8-depleted T cells against whole AFP. AFP-specific IFN-y-producing T cells were analyzed by ELISPOT
assay using PBMC depleted CD4* or CD8™ cells to determine what kind of T cells is responsive to whole AFP. Depletion of CD4™ or cbs™*
cells was performed by MACS separation system and the results were confirmed by flow cytometric analysis (a). IFN-y ELISPOT assay using
nontreated PBMCs and PBMC depleted CD4* or CD8™ cells showed that T cells producing IFN-y against whole AFP consisted of both CD8 *

and CD4 ' celis (b). Assays were performed in 5 patients and the representative result is shown,

Table 2. T cell response to other tumor antigen-derived peptides by ELISPOT assay before and after TAE

Before treatment

After treatment

Patient MRP350; MRP3go, MRP3;¢s hTERT;q; hTERT 324 hTERT4e; MRP3553 MRP3go; MRP3;65 hTERTq; hTERT 35, hTERT,e
5 2 7 8 0 3.5 7.5 0 0 0 7 3 35
8 6 6 1 3 ND ND 17 18 22 18 14 9

10 0 1 3 0 5 7 0 4 7 6 11 4

14 6 5 0 9 5 13 6 14 22 8 10 7

Abbreviation: ND, not done. The bold letters show the positive responses in ELISPOT assays.

response with CMV-derived peptide or tetanus toxoid was
not different between the 2 groups (Figs. 2b and 2¢).

In the comparison of the mean values of spots generated
with AFP-derived peptides, protein, CMV-derived peptides
or tetanus toxoid, no significant difference was observed
between patients with TAE alone before and after treatment
(Figs. 3a-3d). In contrast, the mean values of spots generated
with AFP-derived peptides were significantly higher in
patients after TAE with DC infusion than in those before
treatment (Fig. 3e). The mean values of spots generated with
protein, CMV-derived peptides or tetanus toxoid were not
significantly different between patients before and after TAE
with DC infusion (Figs. 3f-3h). Based on the above results,
we considered that the main difference between TAE alone
and TAE with DC infusion was the response to HLA-A24-re-
stricted AFP-derived epitopes. Therefore, to analyze the dif-
ference between TAE alone and TAE with DC infusion more
precisely, we selected the patients with HLA-A24 or A23 and

int. J. Cancer: 000, 000-000 (2010) © 2009 UICC

compared the clinical parameters of both groups. However,
there were no statistical differences except liver function in
the 2 groups (Table 5).

Enhancement of AFP-specific T-cell responses and

treatment outcome

To evaluate the effect of immune enhancement by TAE or
TAE with DC infusion for the treatment outcome, we ana-
lyzed the clinical course of 17 patients who received complete
ablation by additional RFA, PEIT or MCT after these treat-
ments and could be followed up using dynamic CT every 3
months (Table 6). Seven patients showed increasing specific
spots for AFP or AFP-derived peptides in ELISPOT assay af-
ter TAE. HCC recurrence within 3 months after complete
ablation was observed in 3 patients who showed increasing
AFP-specific T-cell responses after TAE. Furthermore, recur-
rence within 6 months after complete ablation was observed
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Table 4, Patient characteristics

Patients treated Patients treated by

by TAE (n = 20) TAE with DC (n = 13) p-value’
Age (years)’ 66.6 = 7.8 65.7 = 10.0 NS
Sex (M/P) 14/6 11/2 NS
HLA (A23 or 24/others) 16/4 9/4 NS
ALT (U/D) 51.0 = 47.4 86.9 * 62.8 NS
Total bilirubin (g/dl) 1.3+ 0.9 1.5 * 0.9 NS
Albumin (g/dl) 3.7 £ 07 3.2 = 0.6 NS
AFP level (ng/ml) 322.7 = 793.0 239.8 * 418.2 NS
Diff. degrees of HCC (well/maderate or poor/ND') 2/6/12 414]5 NS
Tumor size (small/large’) 4/16 1/12 NS
Tumor multiplicity (multiple/solitary) 18/2 12/1 NS
TNM stage (1, L/, V) 19/1 11/2 NS
Histology of nontumar tiver {LC/chronic hepatitis) 15/5 10/3 NS
Liver function (Child A/B or Q) 14/6 3/10 0.02
Etiology (HCV/HBV/others) 12/2/6 13/0/0 NS

Iabbreviations: NS, no statistical significance; ND, not determined. ’Data are expressed as the mean = SD. *Small: <2 c¢m, large: >2 cm,

]
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Figure 2. Frequency of the patients who showed enhancement of T-cell responses after treatment. The prevalence of antigen-specific T cells
was determined by IFN-y ELISPOT analysis using alpha-fetoprotein (AFP) and AFP-derived peptides (a), CMV pp65-derived peptide (b) or
tetanus toxoid protein (o) in 20 and 13 patients with HCC who received TAE and TAE with DC infusion, respectively.

in 4 and 6 patients who did and did not show increasing
AFP-specific T-cell responses, respectively.

Kinetics of AFP-specific T-cell responses before

and after TAE

Next, we examined the kinetics of AFP-specific T cells in 8
patients who showed increasing frequency of IFN-y-produc-
ing T cells against AFP or AFP-derived peptides after TAE.
The frequency was examined by ELISPOT assay before and
2-4 weeks and 3 months after TAE. Thirteen kinds of AFP-
specific T cells showed increasing frequency 2-4 weeks after
TAE (Fig. 4); however, the increase was transient and most
cell types decreased 3 months after TAE. Three patients
showed more than 10 specific spots for AFP or AFP-derived
peptides 3 months after TAE (Patients 6, 11 and 30). In anal-
ysis of the correlation between the maintenance of AFP-spe-
cific T-cell responses and HCC recurrence, 1 patient (Patient

Int. J. Cancer: 000, 000-000 (2010) © 2009 UICC

6) had HCC recurrence after 6 months and 1 patient (Patient
30) did not show recurrence. Another patient (Patient 11)
did not receive curative ablation and was not analyzed. There
was no difference in the kinetics of AFP-specific T cells
between patients who received TAE with and without DC
infusion.

Discussion

In a previous study, we made a preliminary report that
immune responses specific for tumor antigens were enhanced
after HCC treatments.”'" Similarly, as in our previous or
other group’s results,” we observed enhancement of AFP-spe-
cific immune responses in 6 of 20 patients with TAE alone
in this study. The enhancement of tumor antigen-specific
immune responses was also observed in the cases using
MRP3- or hTERT-derived peptides.
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Figure 3. Comparison of direct ex vivo analysis (IFN-y ELISPOT assay) before and after treatment of HCC. The assay was performed-using
PBMCs of patients who received TAE for AFP-derived peptides (a), AFP (b), CMV ppé65-derived peptide (c) or tetanus toxoid protein {d). The
same assay was performed using PBMCs of patients who received TAE with DC infusion for AFP-derived peptides (), AFP (f), CMV pp65-
derived peptide (g) or tetanus toxoid protein (h). AFP and CMV ppé5-derived peptides were tested in only HLA-A24 or A23 positive

patients. Data are expressed as the mean + SD of specific spots.

Table 5. Characteristics of the patients with HLA-A24 or A23

Patients treated

Patients treated

by TAE (n = 16) by TAE with DC (n = 9) p-value’
Age {years)? 65.7 + 7.8 67.8 = 10.8 NS
Sex (M/F) 10/6 7/2 NS
ALT (U/1) 55.9 = 51.9 75.4 * 53.0 NS
Total bilirubin (g/dl) 1.4+ 0.8 1.4 = 1.1 NS
Albumin (g/dl) 3.6 = 0.7 3.1 % 0.6 NS
AFP level (ng/ml) 392.1 + 877.8 337.2 % 4771 NS
Diff. degree of HCC (well/moderate or poor/ND?) 2/5/9 3/3/3 NS
Tumor size (small/large® 3/13 0/9 NS
Tumor multipticity (multiple/solitary) 15/1 8/1 NS
TNM stage (I, /il 1V) 15/1 7/2 NS
Histology of nontumor liver (LC/chronic hepatitis) 13/3 8/1 NS
Liver function (Child A/B or C) 10/6 0/9 0.003
Etiology (HCV/HBV/others) 11/1/4 9/0/0 NS

! Abbreviations: NS, no statistical significance; ND, not determined. *Data are expressed as the mean + 5D, *Small: <2 cm, large: >2 cm.

The precise mechanism of this phenomenon is still
unknown; however, in recent studies, several treatments to
destroy tumor cells by necrosis and/or apoptosis have
induced antitumor immune responses in animal models'™**
and even in humans.®™'" In the study of in situ tumor abla-
tion, it is reported that tumor ablation creates a tumor anti-
gen source for the induction of antitumor immunity,”** In
another study regarding photodynamic therapy (PDT),* it is

reported that acute inflammation, expression of heat-shock
proteins and providing tumor antigens to DCs caused by
PDT induce tumor-specific immune responses.

Based on these results, we hypothesize that DC infusion
with TAE can induce antitumor immune responses more
effectively than TAE alone. According to DC research in
recent years, successful enhancement of the
response has been reported by intratumoral

antitumor
immune

int. J. Cancer: 000, 000-000 (2010) © 2009 UICC
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Table 6, Enhancement of AFP-specific T cell response and
treatment outcome

Enhancement of

AFP-specific Recurrence, Recurrence,
T cell response 3 months 6 months
7 Patient 1 - N U

Patient 2 - N M

Patient 4 + M ND

patient 5 - N M

Patient 6 + N u

Patient 9 - N M

Patient 10 - N N

Patient 13 - N N

Patient 14 - N N

Patient 16 - N M

Patient 19 - N U

Patient 24 + u ND

patient 25 + M ND

Patient 26 + N N

Patient 30 + N N

Patient 31 + N N

patient 33 - N N

Abbreviations: N, no recurrence; U, uninodular recurrence;
M, multinodutar recurrence; ND, not determined.

administration of DC in combination with tumor abla-
tion."®"” Furthermore, immunotherapies using DC have been
performed in patients with HCC and their antitumor effects
are reported.**”>® These results support our hypothesis and
therefore, in the next step, we examined the immunological
effects of DC infusion with TAE.

The comparison of frequency in patients who showed
enhancement of AFP-specific immune responses revealed
more frequency in patients with DC infusion than in those
with TAE alone. On the other hand, there were no differen-
ces in the 2 groups in the comparison of frequency for
patients who showed enhancement of CMV or TT-specific
immune responses. These results suggest that DC infusion
with TAE affects tumor-specific immune responses and that
the effects are limited to the tumor area.

Some patients with TAE alone showed disappearance of
AFP- or control antigen-specific T cells. Although the mecha-
nism of this phenomenon is unknown, anticancer drugs used
in TAE might suppress the immune responses, because most
of the patients showed decreasing the number of lymphocytes
after TAE. These results suggest that TAE alone might give a
chance to enhance tumor-specific T-cell responses in only
some patients. Further analysis using many more patients
with TAE is necessary to make clear the differences in the
patients with and without enhancement of T-cell responses.
In contrast, disappearance of AFP- or control antigen-specific

Int. . Cancer: 000, 000-000 (2010) © 2009 UICC
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Figure 4, Kinetics of AFP-specific T-cell responses determined by
IFN-y ELISPOT assay before and after TAE. PBMCs were obtained
before and 2-4 weeks and 3 months after TAE. Each graph
indicates the kinetics of T cells specific for each antigen in each
patient. Some patients received additional treatments as indicated
in Tables 1 and 3 for a curative treatment after the measurement
of T-cell responses at 2—4 weeks after TAE.

T cells was not observed in the patients with DC infusion,
suggesting strong immunostimulating effect of this treatment.

In analysis of the association between the enhancement of
AFP-specific T cells and clinical responses, no correlation
could be shown, suggesting that enhancement of T-cell
response associated with TAE or TAE with DC infusion may
not have protective effect against HCC recurrence. To clarify
the mechanism in more detail, we examined the kinetics of
AFP-specific T-cell response, Increased frequency of AFP-
specific T cells was transient and fell in 4 of 8 patients 3
months after treatment (Fig. 4). Similar to our results, Ayaru
et al. also reported that the frequency of AFP-specific CD4™
T cells fell in all patients by 1-3 months after TAE.® In addi-
tion, our results suggest that DC infusion with TAE is not
effective to maintain the increased frequency of AFP-specific
T cells.

Recent genome profiling studies of HCC show that HCC
is a very heterogenous tumor.”' Furthermore, HCC has mul-
ticentric carcinogenesis and develops at different time
points. These characters of HCC may also be another reason
for no correlation between the enhancement of AFP-specific
T cells and clinical responses. The identification of many
more tumor antigens and their T-cell epitopes is necessary
for more precise analysis of the relationship between anti-
tumor immune response and clinical response, and for
immunotherapy.

In the recent study, it is reported that CD8" T-cell
response to AFP is multispecific and AFP-specific [FN-y-pro-
ducing CD8" T cells are directed against different epitopes
spreading over the entire AFP sequence with no single
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immuno-dominant CD8' T-cell epitope.>” Therefore, there is
a limitation to our study, because the number of immuno-
genic AFP-derived peptides applicable in this study is small.

Enhancement of T-cell responses by TAE with DC

However, the results of the present study suggest that TAE

with DC infusion enhances the tumor-specific immune
responses. Although these modified immune responses may
not be sufficient to prevent HCC recurrence because the
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Crucial Contribution of Thymic Sirpa™ Conventional
Dendritic Cells to Central Tolerance against Blood-Borne
Antigens in a CCR2-Dependent Manner

Tomohisa Baba,* Yasunari Nakamoto,” and Naofumi Mukaida'*

Thymic dendritic cells (DCs) as well as thymic epithelial cells are presumed to be major sentinels in central tolerance by inducing
the apoptosis of autoreactive T progenitor cells. The thymic DC population is composed of heterogeneous subsets including
CD11c*B220™ plasmacytoid DCs, CD11¢*B2207CD8a™ signal regulatory protein « (Sirpa)™ and CD11c¢*B220~CD8a Sirpa™*
conventional DCs (¢DCs). However, the distinctive role of each DC subset remains undefined. We show herein that Sirpa™ ¢DCs,
a minor subpopulation, was disseminated in the thymic cortical area with some of them uniquely localized inside perivascular
regions and nearby small vessels in the thymus. The Sirpa™ but not Sirpa™ ¢DC subset can selectively capture blood-circulating
Ags. Moreover, in CCR2-deficient mice, the thymic Sirpa™ ¢DC subset, but not other thymic cell components, was moderately
decreased especially in the perivascular regions. Concomitantly, these mice exhibited a modest impairment in intrathymic negative
selection against bloed-borne Ags, with the reduced capacity to uptake blood-borne Ags. Given their intrathymic cortical local-
ization, CD11c¢*B220~ CD8a  Sirpa* ¢DCs can have a unique role in the development of central tolerance against circulating

peripheral Ags, at least partially in a CCR2-dependent manner.

he thymus is vital for development of T cells. T progen-
itor cells in the thymus are subjected to positive and neg-
ative selection, and survivors become self-MHC-re-
stricted and self-tolerant mature naive T cells. Negative selection
induces clonal deletion of potentially pathogenic autoreactive T

cells and consequently decreases the risk of the development of

autoimmune disorders (1). Thus, negative selection has a major
role in central tolerance. Medullary thymic epithelial cells
(mTECs)” are major inducers of negative selection. mTECs ex-
press the awtoimmune regulator (AIRE) gene, which induces the
ectopic expression of a milieu of peripheral tissue-specific Ags in
the thymus resulling in the clonal deletion of autoreactive T pro-
genitors with specificity for these Ags (2-4). Another type of thy-
mic APCs, in particularly dendritic cells (DCs), have also been
shown to contribute to negative selection (5-7). However, the de-
tailed molecular and cellular mechanisms by which thymic DCs
mediate negative selection remain largely unknown.

Thymic DCs are heterogeneous, similar to DCs in peripheral
lymphoid organs such as lymph nodes and spleen. In humans
and mice, thymic DCs are classified into two distinct subsets,
CDIlc' B220™ plasmacytoid DCs (pDCs) and CD11c"B220™
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conventional DCs (cDCs). ¢DCs are further divided into CD1l1c¢”
CD11b7CD8a” Sirppa™ and CDI11¢"CD11b™CD8a” Sirpa™®
subsets (8, 9). CD8« ' Sirpa™ ¢DCs, the most abundant subset
among these three thymic DC subsets, are clustered in the me-
dulla (10, 11). These CD8« ™ Sirpa™ ¢DCs also express AIRE
and can present endogenous self-Ags. In addition, they can
cross-present tissue-specific Ags derived from the mTECs for
negative selection (12, 13). In contrast, the intrathymic location
and functions of another minor ¢DC, CDI1c*CDI11b*CD8a™
Sirpee’™, subsel remain unclear, although this subset is presumed
to migrate from the bloodstream (8). Proietto et al. (14) dem-
onstrated that Sirpa” ¢DCs can induce thymocytes to efficiently
differentiate into regulatory T cells in vitro. However, the roles
of Sirpa” ¢DCs in central tolerance and regulatory T cell gen-
eration in vivo and the nature of the target autoantigens of cen-
tral tolerance remain elusive.

Chemokines and their receptors have essential roles in con-
trolling the homeostatic homing of immune cells including DCs
and T cells (15-17). We examined the composition of thymic
DC subsets in mice deficient in CCRI, CCR2, CCRS3, or
CX3CRY, the chemokine receptors which are expressed by DCs
(18, 19). We observed that Sirpe™ ¢DCs, but not Sirpa™ ¢DCs
or pDCs, were selectively decreased in the thymus of CCR2-
deficient mice, but not in the other chemokine receptor gene-
deficient mice. Interestingly, CCR2-deficient mice exhibited a
modest impairment in intrathymic negative selection against
i.v. injected Ags. Concomitantly, CCR2 deficiency allowed re-
leasing more autoreactive T cells against serum Ags inlo pe-
riphery. These Sirpa™ ¢DCs migrated from bone martow to
thymus by the way of the peripheral blood and showed a unique
intrathymic localization confined to perivascular and cortical
areas. Moreover, Sirpa” ¢DCs had a greater capacity to uptake
blood-borne Ags than Sirpa™ ¢DCs, along with their unique
intrathymic localization, Thus, our present study suggests that
thymic Sirpae’ ¢DCs may function as a specialized APC for the
development of central tolerance to blood-borne Ags.
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Materials and Methods
Mice

Specific pathogen-free 6- to 7-wk-old male BALB/c mice were purchased
from Charles River Japan and designated as wild-type (WT) mice.
CCR!™™ and CX3CR1™'™ mice were provided by Dr. P. M. Murphy
(National Institute of Allergy and Infectious Diseases, National Institutes
of Health, Bethesda, MD}) (20, 21). CCR2™/~ (22) and CCR5™'™ mice (23)
were provided by Dr. W. Kuziel (University of Texas San Antonio, San
Antonio, TX) and Dr. Kouji Matsushima (University of Tokyo, Tokyo,
Japan), respectively. All chemokine receptor-deficient mice were back-
crossed o BALB/c miice for 8—10 generations. DO11.10 mice expressing

a transgenic TCR that recognizes the OVA1,,_q3, peptide in the context of

I-A% were maintained as heterozygotes. DO11.10 mice were backcrossed
to CCR2™/~ mice to generate DO11.10/CCR2™'" mice. Genotyping for
the CCR2 gene was done by direct PCR from whole blood samples using
an Ampdirect Plus kit (Shimadzu) and the specific primers (sense, 5'-
CACGAAGTATCCAAGAGCTTG-3' and antisense, 5'-CCCAAGTGAC
TACACTTGTTA-3'). The mouse experiments were performed under spe-
cific pathogen-free conditions in accordance with the Guidelines for the
Care and Use of Laboratory Animals of Kanazawa University.

Antibodies

Rat anti-mouse mAbs used were anti-CD3e (145-2C11; Miltenyi Biotec),
anti-CD4 (RM4-5; BD Pharmingen), anti-CD8 (53-6.7; BD Pharmingen),
anti-CD25 (PC61; BD Pharmingen), anti-CD45R/B220 (RA3-6B2; BD
Pharmingen), anti-CD1724/Sirpee (P84; BD Pharmingen), anti-DO!1.10
clonotypic TCR (KJ1-26; BD Pharmingen), anti-F4/80 (A3-1; Serotec),
and anti-Ly31 (GC3: BioLegend). Hamster anti-mouse CD11c (HL-3) and
mouse anti-mouse [-AY (AMS-32.1) mAbs were purchased from BD
Pharmingen. Rabhbit anti-mouse CCR2 mAb and anti-mouse type 1V col-
lagen (Col IV) polyclonal Ab were purchased from Epitomics and LSL.
respectively. Goat anti-mouse MCP-2 polyclonal Ab was purchased from
Santa Cruz Biotechnology. Isotype-matched control IgGs for each rat and
hamster mAbs were purchased {from BD Pharmingen. Mouse, rabbit, and
goat 1gG (Sigma-Aldrich) served as controls.

Cell preparation

Thymus was digested in 0.6 mg/ml collagenase type 1V (Sigma-Aldrich)
and 25 Kunitz units/ml DNase 1 (Sigma-Aldrich) in RPMI 1640 (Sigma-
Aldrich) at 37°C for 20 min. The low-density cells were further isolated
from the resultant single-cell suspensions using Histopaque-1077 reagent
(Sigma-Aldrich). PBMCs were isolated from whole blood using His-
topaque-1083 reagent (Sigma-Aldrich). Bone marrow cells were washed
out with cold RPMI 1640 medium from the femoral and tibial bones.

Flow cytometry (FCM)

The low-density cells from thymus, PBMCs, and bone matrow cells were
stained with various combinations of fluorescent dye-conjugated or non-
conjugated specific Abs in PBS supplemented with 2 mM EDTA and 3%
FBS. For nonconjugated Abs, fluorescent-conjugated secondary Abs were
used. After washing in PBS, expression of cell surface molecular markers
was analyzed using a FACSCalibur (BD Biosciences) with CellQuest Pro
software (BD Biosciences).

Histology and fluorescent immunohistochemistry

Thymic tissues were frozen in OCT compound (Sakura) and 6-pum-thick
cryostat sections were stained with H&E. For immunofluorescence analy-
sis, 6-pm-thick cryostat sections were fixed with cold acetone for 3 min
and incubated with Protein Block Reagent (DakoCytomation) to block
nonspecific binding. Then fluorescent immunostaining was done by the
standard method (for details, see the figure legends). After washing with
0.05% Tween 20-PBS, slides were mounted in fluorescent mounting me-
dium (DakoCytomation). Immunofluorescence was detected in a setting
that excluded the nonspecific signal of the isotype control using a fluores-
cence microscope (BX50; Olympus) or confocal laser-scanning micro-
scope (LSM3510; Zeiss). DP Controller software (Olympus) and Zen 2007
software (Zeiss) were used for image processing.

RT-PCR

Total RNAs were extracted from tissues using a RNeasy Mini Kit (Qiagen)
and then reverse-transcribed using SuperScript 111 First-Strand Synthesis
System (Invitrogen). PCR was done using the cDNAs, 2.5 mM dNTP mix
(Takara). TagDNA polymerase (Takara), and the specific primer sets for
the GAPDH gene (sense, 5'-CAC TGA GCA TCT CCC TCA CA-3' and
antisense, 5'-TGG GTG CAG CGA ACT TTA TT-3'), CD45 gene (sense,

ROLE OF THYMIC Sirpa™ DCs IN CENTRAL TOLERANCE

5'-AAG ACA GAG TGC AAA GGA GAC-3' and antisense, 5'-TGT
AGG TGT TTG CCC TGT GAC AAA GAC-3"), keratin & gene (sense,
5'-ACG GTG AAC CAG AGC CTG T-3' and antisense, 5'-CTC CAC
TTG GTC TCC AGC AT-3'), MCP-] gene (sense, 5'-CCC ACT CAC
CTG CTG CTA CT-3' and antisense, 5'-TCT GGA CCC ATT CCT TCT
TG-3'), MCP-2 gene (sense, 5'-CAG TCA CCT GCT GCT TTC AT-3'
and antisense, 5'-ATA CCC TGC TTG GTC TGG AA-3'), and MCP-3
gene (sense, 5'-AAA CAA AAG ATC CCC AAG AGG-3’ and antisense,
5'-CAC AGA CTT CCA TGC CCT TC-3") for 30 cycles of 95°C for 30 s,
55°C for 30 s, and 72°C for 30 s.

Effects of a peptide Ag on DOI11.10 clonotypic thymocytes

DO11.10-transgenic mice with or without CCR2 gene deficiency were ad-
ministered 200 g of OVA 5, 339 peptide (ABGENT) in PBS through the
tail vein. To induce thymocyte deletion independently of Ag presentation,
mice were injected i.p. with 50 pg of anti-CD3e mAb (24). Two days after
injection, thymocytes were collected and stained with the following com-
binations of Abs: anti-CD4, anti-CD8, and anti-DO11.10 or anti-CD4, anti-
CD25, and anti-DO11.10 Abs. To detect apoptotic cells, thymocytes were
stained using an Annexin V-FITC Apoptosis Detection Kit (Merck). After
being stained, the cells were analyzed by FCM.

Trafficking of bone marrow-derived immature DCs injected into
bone marrow

Bone marrow celis were cultured in RPMI 1640 medium supplemented
with 10% FBS and mouse GM-CSF (R&D Systems) at a concentration of
20 ng/ml. An equal volume of culture medium of the same content was
added at 4 days, and one-haif of the medium was replaced with fresh
culture medium at 7 days after the plating. Most bone marrow cells were
differentiated into immature DCs as judged by morphological appearances
at 10 days after the initiation of the culture. The resultant immature DCs
were stained with | uM S-chloromethylfluorescein diacetaie (CMFDA;
Invitrogen) dye and | million cells were injected into the tibial bone mar-
row cavily of each mouse. After the injection, low-density cells were ob-
tained from thymus, lymph nodes, or PBMCs to determine the presence of
CMFDA-stained DCs by using FCM.

Localization of the iv. injected Ags

Alexa Fluor 488-conjugated OVA protein (OVA ). Alexa Fluor 647-
conjugated OVA protein (OVA,q;) (Invitrogen), or mouse serum IgG
(Sigma-Aldrich), which was conjugated with Alexa Fluor 647, using an Alexa
Fluor 647 protein labeling kit (Invitrogen), was injected into the tail vein
of mice. Thymic low-density cells and PBMCs were isolated at the indi-
cated time points after OVA protein injection and were stained with anti-
CD1 ¢ and anti-Sirpe Abs. Then the cells were analyzed by FCM. For the
focalization of the Ag uptake, cryostat sections of frozen thymic tissues
were obtained from mice injected with OVA protein and were stained with
anti-Sirpe, anti-CD1 1, anti-1-AY, anti-Ly51, or anti-Col IV Abs and were
then observed by fluorescence microscope.

In vitro endocytosis assay

Low-density cells were isolated from the thymus and were incubated with
10 pg/ml OVA,; in RPMI 1640 at 37°C for 20 min. As a negative control,
incubation was conducted on ice. Endocytosis by each thymic DC subsel
was analyzed by FCM after being stained with anti-CD11c and anti-Sirpe
Abs. In some experiments, low-density cells were preincubated with 10
M cytochalasin D (Cyt D; Sigma-Aldrich), an actin inhibitor (25), 100
mM ammonium chloride (NH,Cl (Wako), an inhibitor of the clathrin-
dependent pathway (26), or 0.5 mg/ml mannan (Sigma-Aldrich) at 37°C
for 15 min before incubation with OVAg; at 37°C for 20 min in the
presence of fresh inhibitors.

Adoptive transfer of bone marrow cells

Bone martow cells were obtained from WT or CCR2™/~ mice and were

stained with 2 uM CMFDA dye. Twenty million cefls were injected into
the tail vein of CCR2™'~ mice. OVA,,, was injected into the tail vein at
2 days after injection. Thymic low-density cells were isolated at | h after
OVA protein injection, and the presence of donor-derived Sirpa™ ¢DCs
and their capability of Ag uptake were analyzed by FCM.

In vivo cell proliferation assay

Spleen mononuclear cells were isolated from WT or CCR2™" mice and
were labeled with 25 uM CFESE using a CellTrace CFSE Cell Proliferation
Kit (Invitrogen). Ten million prelabeled cells were injected into the tail
vein of WT mice. One day after injection, mice were immunized with total
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FIGURE 1. Effects of chemokine
receptor deficiency on mouse thymic
DC subsets. A, Low-density cells were
isolated {from WT mouse thymus and
were stained with PE-conjugated anti-
CDlle, allophycocyanin-conjugated
anti-B220, and nonconjugated  anti-
Sirpa mAbs, followed by staining with
FITC-conjugated mouse anti-rat IgGl.
The CDIlc¢" DC populations were
gated 10 analyze the expression of Sirpa
and B220. B, Thymic low-density cells
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their FSC and SSC patterns, which are
indicated by elliptic and square gates.
Then DC subsets in each region were an-
alyzed. ¢, Low-density cells were iso-
lated from WT, CCR1™"", CCR27'™,
CCR5™/", and CX3CR1™"" mice. The
Sipa™ and Sirpa® subsets in FSCHet
SSC"MCD 1M B220™ ¢DC popula- D
tions gated with region 1 (R1) were com-
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pared among these mice. D, The ratio of 9

two DC subsets (blank portion, Sirpac”™ g 80
subset; gray portion, Sipa” subset) 4
present in thymic ¢DC population was Q 60
determined. Data represent the mean of ::

three independent experiments. £, The & 40 r
numbers of Sirpa” DCs in the thymus. E b
Data represent mean == SD from three in- g
dependent experiments. *. p < .01, °
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mouse serum protein emulsified in CFA. PBS in CFA was immunized as
a control. Two days after immunization. lymphocytes were harvested from
draining and nondraining lymph nodes and stained with anti-CD4 mAb.
The percentage of CFSE-diluted divided cells was analyzed by FCM.

Statistical analysis

Data are represented as mean = SD. Statistical significance was deter-
mined by one-way ANOVA followed by the Tukey-Kramer test. A value
of p << 0.05 was considered statistically significant.

Results
Selective reduction of thymic Sirpa™ ¢DCs in CCR2™"" mice

Consistent with a previous report (8), three distinct populations of
thymic CD1l1c¢c? DCs have been identified: B220" pDC, B220~
Sirpa”™ ¢DC, and B2207 Sirpa™ ¢DC subsets (Fig. 14). ¢DC and
pDC subsets were present mainly in the forward scatter (FSCRiE?),
side scatter SSC™=", and SSC'™ areas upon FCM, respectively
(Fig. 1B). The pivotal role of chemokines in the trafficking of DCs
prompted us to examine thymic DC subsets in mice deficient in
chemokine receptor genes. Sirpa’ DCs were markedly decreased
in CCR2™/" mice, compared with WT mice, both in the relative
(Fig. 1, C and D) and absolute number (Fig. 1 E), whereas Sirpa™
DC (Fig. 1C) and B220" pDC numbers (data not shown) were not
changed in CCR2™'" mice. In contrast, no significant changes
were observed on thymic ¢cDC and pDC subsets in mice deficient
in other chemokine receptors including CCR1, CCRS, and
CX3CRI. Moreover, we did not observe any differences in thymic
B220* B cell and F4/80™ macrophage numbers between WT and
CCR2™~ mice (data not shown). Microscopic studies of the thy-
mus failed to reveal any morphological differences between WT
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¢

and CCR2™/™ mice in terms of the total cellularity, the distribution
of thymocytes in each developmental stage, and the localization of
Ly51" cortical thymic epithelial cells and 1-A* "#" mTEC (sup-
plemental Fig. $1%). Thus, CCR27/" mice exhibit a selective de-
crease in the Sirpa™ DC subset in thymus.

Attenuation of OVA 4, ;4 peptide-induced clonal delerion by
CCR2 gene ablation

Sirpa' DCs are presumed to have the capacity to carry peripheral
tissue Ags into the thymus (14). We next investigated the roles of
Sirpa® DCs in thymus on taking in an i.v. administered Ag. PBS
injection did not cause any changes in each developmental stage of
thymocytes in DOI1.10 and DOI1.10/CCR27™/~ mice (data not
shown). On the contrary, i.v. administration of OVA;,,_53, pep-
tide markedly reduced the proportion and absolute number of clo-
notypic CD4/CDS8 double-positive (DP) thymocytes in DOI1.10
mice. CCR2 gene ablation modestly attenuated this reduction (Fig.
2, A-C). OVA peptide injection consistently increased the propor-
tion of annexin V™ apoptotic cells in DO11.10 mouse thymus
compared with that in DO11.10/CCR2™/~ mice (Fig. 2D). In con-
rast, OVA peptide induced a modest increase in the number of
DOT1.10"CD25" CD4* regulatory T cell phenotype to similar ex-
tents in both DOI11.10 and DO1{.10/CCR2™/™ thymus (Fig. 2E).
Thus, decreased thymic Sirpa® DCs in CCR27™/~ mice may be as-
sociated with a moderately impaired thymic negative selection. More-
over, following i.p. injection with anti-CD3 Ab (24), thymocytes were
deleted to similar extents in DO11.10 and DO11.10/CCR2™"" mice

* The online version of this anticle contains supplemental material.
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FIGURE 2. Induction of clonal de-
fetion of DOI1.10 clonotypic thymo-
cytes. To induce the clonal deletion,
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(supplemental Fig. S2), indicating the absence of intrinsic defects
of thymocytes in the absence of CCR2. These results collectively
suggest that thymic Sirpa™ DCs can contribute to intrathymic neg-
ative selection of a bloodstream-derived Ag without inducing reg-
ulatory T cells.

Thymic Sirpa® DCs can efficiently capture peripheral Ag from
bloodstream

To elucidate the functions of thymic Sirpa® DCs more in detail,
we determined their intrathymic localization. In thymi of WT
mice, Sirpa was mainly detected on CD1 lc¢* DCs scattered in the
thymic cortex (Fig. 3, A and B), but not on CD1ic' DCs clustered
in medulla, the predominating site of thymic CD8«* Sirpa™ DCs.
Moreover, most Sirpe™ DCs were localized in close proximity to
small vessels with single Col IV" basement membrane or inside
perivascular regions (PVRs) separated by two Col 1V" basement
membranes in the cortex (Fig. 3C). The thymic DC population
includes APCs crucially involved in the central tolerance system
involving bloodstream C5 Ag (27). Furthermore, Sirpa”™ DCs are
selectively localized in PVRs or in close proximity to small ves-
sels, both essential components of the blood-thymus barrier (28).
Hence, we hypothesized that this DC subsel might be involved in
Ag uptake from the bloodstreamn. To address this possibility, we
treated WT mice i.v. with OVA_,; and examined its uptake by
thymic DCs. Intrathymic Sirpa’ DCs, but not Sirpa™ DCs, took
up OVA protein in a dose-dependent manner (Fig. 44), maintain-
ing a stable level from 1 to 4 h after the injection and decreasing
thereafter (Fig. 4B). Recently, it was reported that bloodstream
DCs could efficiently capture and transport particulate bacteria into
the spleen when particulate bacteria were i.v. injected (29). Indeed,
bloodstream CD11c™ cells rapidly disappeared from the peripheral
blood after capturing OVA protein (Fig. 4C). By contrast, the up-
take by intrathymic Sirpa™ DCs reached a peak level at 15 min,
decreasing to the stable level thereafter. Thus, there may be a re-
mote possibility that circulating DCs migrated into the thymus
after capturing OVA protein inside the bloodstream. Furthermore,
in addition to an exogenous protein, intrathymic Sirpa”™ DCs also
caplured an endogenous serum protein, mouse lgG, which was

conjugated with Alexa Fluor 647, when it was administered i.v.
(supplemental Fig. S3). Thus, Sirpa™ DCs can effectively capture
peripheral Ags from the bloodstream across the blood-thymus bar-
rier. This notion was further supported by the observation that
Sirpa ™ DCs engulfed OVA protein with a higher efficiency than
Sirpa” DCs when cuttured in vitro with OVA; (Fig. 4, D and E).
Mannan from Saccharomyces cerevisiae, but not NH,Cl or Cyt D
from Zvgosporium mansonii, markedly inhibited endocytosis of
OVA protein by Sirpa™ DCs (Fig. 4F, upper panel). On the con-
trary, uptake of OVA protein by Sirpa* DCs was markedly atten-
uated by NH,Cl and Cyt D, but not mannan (Fig. 4F, lower panel).
These observations suggest that thymic Sirpa' DCs can endocy-
tose soluble Ags more efficiently than Sirpa™ DCs, in a clathrin-
dependent, but not mannose receptor-dependent manner. )

Thymic Sirpat DCs capture peripheral Ag inside PVRs or
nearby small vessels, and then migrate into the cortical
parenchyma

We examined sequentially intrathymic localization of OVA-de-
rived signals after i.v. injection of OVA 4. By 0.5 h, OVA -
derived signals were detected in Sirper™ cells (Fig. 54), CDlic”
DCs (Fig. 5B) and inside PVRs or in close proximity to small
vessels (Fig. 5C). Although some signals remained nearby in small
vessels, signals inside PVRs were obviously decreased at 6 h (Fig.
5D), as judged by the Col IV immunostaining pattern. At 18 h after
the injection, OV A 4-derived signals were mainly scattered in the
Ly517* cortical area but not in the 1-A® ™" medullary area (Fig.
SE). Because OVA ,~derived signals were constantly detected in
Sirpa™ DCs at every time point (data not shown), these observa-
tions suggest that Sirpa™ DCs initially capture bloodstream OVA
protein inside PVRs or in nearby small vessels and then migrate
into the cortical parenchyma, To examine the process of migration
more in detail, OVAg,, (blue) and OVA,, (green) were i.v. in-
jected sequentially with an interval of either 6 or 18 h as shown in
Fig. SF. When OVA ,, was injected 6 h after OVA,,, double-
positive CD1 1c"#" DCs were evidently detected (8.1%), while sin-
gle-positive cells were sparse (Fig. 5F, left upper panel). Even at
18 h after the injection, double-positive CD1 1c"™=" DCs were still
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present (3.2%) with substuntial numbers of OV A -derived signal
single-positive (3.9%) or OVA,-derived signal single-positive
cells €2.3%: Fig. SF, left lower panel), Thus, CDI ™ DCs with
Sirpa expression can persistently be in close interaction with the
bloodsiream while they are migrating into cortical parenchyma
(Fig. 5G).

Depressed migration of Sirpee’ DCs and their aberrant
intradivmic localization in CCR2 ™ mice

It is possible that a decreased imtrathymic Sipa ™ DC number may
account for the defect in their migration in CCR27/™ mice, be-
cause the thymic Sirpe’ ¢DC subset is presamed to migrate from
the bloodstream (141 Most CDHe " B2207 DCs in peripherul
blood and bone marrow expressed abundantly Sirpo (supplemental
Fig. S4). similarly as observed on thymic Sirpa”™ DCs, and this
populution expressed CCR2 (supplemental Figo §5). CCR27
mice exhibited a moderate reduction in CD11c ' B2207 DCs in
peripheral blood, but not bone marrow (Fig, 6, 4 and B). This
suggests a4 possible defect in the migration of CD1e"B220™ DCs

"""""" mice. To test this possibility, bone
marrow cells were induced to dilferentiate to DCs with in vitro
GM-CSFE stimulation, labeled with CMFDA, and injected into
bone marrow of WT mice (Fig. 6C. upper illustrarion). Under
these conditions, >>80% of injected cells expressed CDI fe, Sirpe,
and CCR2, but not B220 (supplemental Figs. S4 and S5). WT-
derived DCs appeared in peripheral blood rapidly within 2 h after

the intra-bone marrow injection, whereas CCR2 77 mouse-de-
rived DCs migrated into peripheral blood less efliciently (Fig. 6,
C und Dy Interestingly, CD1ie "B2207 Sirpa ™ DCs appeared
in thymus by 0 b after intra-bone marrow injection (Fig. 6E).
These observations suggest thut CCR2-mediated signuls were
eritical of the migration of Sirpa”™ DCx from bone marrow into
the thymus. Moreover, Sirpa’® DCs were markedly decreased in
PVRS of CCR277 thymus compared with those of WT thymus
(WT mice. 7.0 o 2.6/site: CCR2777 mice, 2.3 ¢ 1.5/site: Fig.
3. D-F}. Furthermore, the decrease was more evident in the
region inside the PVRs compared with that outside the PVRs
(Fig. 36). CCR2 was expressed also by a portion of intrathymic
Sirpa” DCs, but not Sirpa ™ DCs (Fig. 3H). Three mouse che-
mokines, MCP-1, MCP-2_ and MCP-3. can bind to CCR2 (30),
Among these chemokines. only MCP-2 mRNA was constitu-
tively expressed in thymus. particularly keratin 8-positive thy-
mic stroma. but not CD45-positive thymocytes (Fig. 7. A and
B). Moreover, MCP-2 immunoreactivities were consistently de-
tected inside the PVRs (Fig. 7C, upper panels) and on Sirpa™
cells in the PVRs (Fig. 7C, lower panels). Thus, it is probable .
that the CCR2-MCP-2 interaction can contribute to intrathymic
Jocalization of Sirpa’ DCs, particularly in the PVRs,

Defective Ag uptake by Simpat DCs in CCR2™ miice

Because the PVR wus proved 10 be a main focation of the uptake
of circulating Ags, we further examined the effects of CCR2
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FIGURE 4. Uptake of bloodstream Ag by thymic Sirpa”™ DCs. A, At 18 h after injection with OVA,; at the indicated doses, low-density cells
were isolated from WT thymus and were stained with anti-CD11c and anti-Sirpa mAbs. Then the uptake of OVA,; in the CDI ic"'#" DC population
was analyzed. B, Uptake of OV A, at the indicated time points. OVAy,; (200 pg) was injected into the tail vein. Percentage of Sirpa"OVAg,,"
region is shown in each panel of A and B. Representative results from three independent experiments are shown. C, Time kinetics of the numbers

of DCs capturing OVA protein in the peripheral blood (broken line) and thy

mus (solid line). D, In vitro endocytosis of OVA ., by CD U™ Sirpa™

and CDUIc™*Sirpa® ¢DCs are shown in the upper and lower panels, respectively. Gray-filled and black-open histograms indicate the results
obtained when the cells were incubated at 0 and 37°C, respectively. Numbers in each panel indicates mean fluorescence intensity for OVAg,,
captured. Representative results from three independent experiments are shown here. £, Endocytic index in Sirpa” and Sirpa™ ¢DCs. Endocytic
index was calculated as mean fluorescence intensity at 37°C/mean fluorescence intensity at 0°C. Mean * SD were calculated from three independent
experiments and are shown here. *, p < 0.01. F, The effects of various agents on endocylosis. Uptake in the presence of each inhibitor is shown
as the percentage of total uptake in the absence of any inhibitors. Means were calculated from three independent experiments and are shown here.

deficiency on the capability of Sirpa™ DCs to uptake Ags from the
bloodstream. Indeed, when OVA,,, was injected i.v.,, CCR27/7
mice exhibited a reduced proportion of intrathymic DCs capturing
OVA protein compared with WT mice (Fig. 8, A and B). More-
over, after the OVA,,, injection, Sirpa” DCs of WT mice con-
tained a substantial proportion of OVA"" ceils, which represent
the cells with a higher uptake of OVA protein, and this population
was markedly reduced in CCR2™/" mice (Fig. 8, C and D). More-
over, among Sirpa™ DCs, the CCR2-expressing population was 4
main cell type which captured OVA protein (Fig. 8E). CMFDA-
labeled WT mouse-derived bone marrow cells appeared in thymus
2 days after the adoptive transfer to CCR2-deficient mice and a
substantial proportion of these stained cells expressed CD11c and
Sirper simuitaneously (Fig. 8F). Sirpa' CDllc' DCs appeared in
thymus similarly when CMFEDA-labeled CCR2-deficient mouse-
derived bone marrow cells were adoptively transferred (data not
shown). When OVA,,, was injected i.v. 2 days after the adoptive
ransfer, WT donor-derived Sirpa ' CD1lc' DCs captured OVA
protein more efficiently than CCR2-deficient DCs in the CCR2-
deficient thymus (Fig. 8G). Thus, CCR2-mediated signals may at

least partially regulate the function of Sirpa™ DCs to uptake Ag
from the bloodstream (supplemental Fig. S6).

Accunndation of awtoreactive T cells against serum Ags in the
periphery of CCR2™'™ mice

We observed that CCR27™'™ mice did not exhibit any signs sug-
gestive of autoimmune disorders until 1 year after the birth (our
unpublished data). Hence, we examined whether autoreactive T
cells against certain self-Ags in the bloodstream accumulated in
the periphery of CCR2™/™ mice. We examined the accumulation
of autoreactive T cells in the draining lymph nodes in WT mice
that received CFSE-labeled WT or CCR2™/~ mouse-derived
splenocytes and were subsequently immunized with mouse serum
emulsified in CFA. Immunization with total serum protein in-
creased the cell division of CCR2™'~ mouse-derived CD4" T cells
inside draining tymph nodes (10.6%) to a greater extent than im-
munization with PBS (4.3%; Fig. 94). Moreover, CD4* T cell
division was significantly increased in the recipients of CCR27/~
mouse-derived splenocytes compared with the recipients of WT
mouse-derived splenocytes (Fig. 9B). Thus, the lack of CCR2 can
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